HIV-1 gene expression is regulated by host and viral factors that interact with viral motifs and is 39 influenced by proviral integration sites. Here, expression variation among integrants was 40 followed for hundreds of individual proviral clones within polyclonal populations throughout 41 successive rounds of virus and cultured cell replication. Initial findings in immortalized cells were 42 validated using CD4+ cells from donor blood. Tracking clonal behavior by proviral "zip codes" 43 indicated that mutational inactivation during reverse transcription was rare, while clonal 44 expansion and proviral expression states varied widely. By sorting for provirus expression using 45 a GFP reporter in the nef open reading frame, distinct clone-specific variation in on/off 46 proportions were observed that spanned three orders of magnitude. Tracking GFP phenotypes 47 over time revealed that as cells divided, their progeny alternated between HIV transcriptional 48 activity and non-activity. Despite these phenotypic oscillations, the overall GFP+ population 49 within each clone was remarkably stable, with clones maintaining clone-specific equilibrium 50 mixtures of GFP+ and GFP-cells. Integration sites were analyzed for correlations between 51 genomic features and the epigenetic phenomena described here. Integrants inserted in genes'
sites of integration, with chromatin context as maintained within the confines of the nucleus 116 being a significant contributing factor [25] . Additional work monitoring HIV-1 expression in 117 individual cells has questioned the earlier view that complete proviral silencing is necessary for 118 infected cell persistence during antiretroviral therapy [26, 27] .
119
The majority of proviruses detectable in suppressed patients are replication defective 120 [26, 28] . Although such proviruses are incapable of rekindling infection, emerging evidence 121 suggests they can be expressed and may contribute to pathogenesis [26, 29] .
122
In this study, we developed a high throughput approach to monitor cellular and viral 123 progeny of individual integration events within complex populations, and used it to address the 124 frequency of defective provirus formation and the extent to which provirus integration sites affect 125 provirus expression levels. Initial work was performed using transformed cell lines, where 126 selective pressures and variation of intracellular factors should be lower than in primary cells,
127
with additional experiments performed in CD4+ lymphocytes from donor blood. Examining the 128 extent of expression variation within and among cellular progeny of large panels of individual 129 HIV-1 integration events indicated that in all these cell types, epigenetic differences among Zip coded proviruses were templated by pNL4-3 GPP, a NL4-3 strain derivative that 141 encodes Gag, Pol, Tat and Rev plus a puromycin-resistance reporter expressed from a 142 secondary, internal promoter (SV40; Figure 1A , upper construct). pNL4-3 GPP lacks env and all 143 accessory genes including nef, which was disrupted by the sequence tags [30] . Tags were 144 inserted into the upstream edge of U3, downstream of sequences required for integrase 145 recognition and upstream of the site of nuc0 nucleosome binding [11] . Vector RNAs were 146 transcribed from uncloned DNA template libraries containing randomized tags, which were 147 generated by in vitro assembly and without amplification by plasmid replication. This 148 experimental approach resulted in the introduction of a unique randomized 20-mer into each 149 encapsidated viral RNA. Because the process of reverse transcription duplicates U3, each 150 progeny provirus contained the same randomized tag in both LTRs, and each provirus's tags 151 differed from those in every other integrant.
152
To validate this approach, adherent 293T cells were transduced at a very low (<0.00005) 153 multiplicity of infection with VSV-G pseudotyped particles containing a random sequence-154 containing vector library. Ten individual puromycin-resistant colonies were expanded, proviral 155 DNA was amplified, and PCR products encompassing the randomized region were sequenced.
156
The results showed that one clone lacked an insert while each of the other nine contained a
The remaining two clones were initially enigmatic. The total number of colonies pooled to 193 generate the F2 library suggested it contained roughly twenty re-transduced copies of each F1 194 zip code. Based on how frequently replication competence was maintained after the first round 195 of replication, it was expected that any fully infectious F 1 provirus would display a roughly 90% 196 second-round success rate. Thus, the likelihood that all ~20 sibling F 2 progeny of any infectious 197 F 1 provirus would be defective seemed exceptionally low. Incongruously however, among the 198 65 replication-competent zip codes detected in the F 2 cell library, two were not observed among 199 sequencing reads from the F 2 virus RNA library. 
209
Clone-specific differences in the amount of virus released per cell were also observed 210 ( Figure 1D , y axis). When normalized to the number of F 1 cells harboring a given zip code, 211 clone-associated differences in virion release per cell spanned two orders of magnitude or 212 more. Because of this, zip code abundance in the F 1 cell library was only moderately correlated 213 with abundance in the F 1 virus RNA library ( Figure 1D ) (Spearman ρ = .639). In contrast, the 214 correlation between cell count and virion production was strong in the F 2 generation (Spearman
215
Looking specifically at sequencing read data for the two F 2 cell zip codes that were 218 missing from F 2 virus libraries revealed that these lineages were scarce in both the F 1 virus and 219 in F 2 cells (red points, Figure 1 E). Similarly, read frequency trends for the seven F 1 zip codes 220 not observed in F 2 cells (green points, Figure 1 D) suggested that population bottlenecks, and 221 not loss of infectivity, may account for some of these candidate non-infectious zip codes' 222 absence from F 2 cells. subsequently maintained without drug. Like dual color vectors where one marker is LTR-driven 231 and the other is driven by a secondary promoter, this approach used a marker expressed from a 232 secondary promoter to identify productively infected cells, independent of the LTR's 233 transcription state [32] . However, because puromycin is labile and drug selection was applied 234 briefly, the analysis here may have included clones for which the entire provirus, including the 235 internal promoter, was silenced after an initial period of activity. Cell pools infected at differing 236 multiplicities were analyzed by high throughput sequencing, and a Jurkat pool comprised of 237 roughly 1,000 zip coded clones was used in subsequent studies.
238
The sequencing of zip codes amplified from duplicate aliquots of this pool's cells 239 revealed the presence of many zip codes shared in both replicates. However, lower abundance 240 zip codes were sampled unevenly. To better address the pool's complexity and differential clone 241 expansion, ten technical replicates made from the pool's genomic DNA were combined to 242 provide evidence for 706 zip codes, which together accounted for 97.8% of total reads and displayed clonal abundances spanning over two orders of magnitude ( Detecting GFP by flow cytometry allowed binary (on/off) monitoring of LTR expression in 249 individual cells. Portions of the total Jurkat pool, designated Pools 1 and 2, were independently 250 sorted into GFP positive "GFP+" and negative "GFP-" sub-pools ( Figure 3A ). The zip code 251 content of each sub-pool was assessed by high throughput sequencing, to simultaneous 252 quantify expression characteristics of hundreds of clonal lines ( Figure 3 ). As a control, we also 253 sorted cells based on their p24 content, using an anti-p24 antibody, and observed a strong 254 correlation between GFP expression and p24 content. (Supplementary Figure 3 ).
255
An expression value termed the "GFP+ proportion" was determined for each zip coded 256 clone. GFP+ proportions were calculated by dividing the read frequency of each zip code within 257 GFP+ sorted cells by the zip code's summed abundance in both GFP+ and GFP-sorted cells.
258
To accurately represent zip codes' prevalence in the total pool, GFP+ and GFP-clone 259 abundance values were weighted to reflect the proportions of total Pool 1 and 2 cells contained 
275
Both experiments above were performed with cell lines, where within-experiment 276 differences in environment and trans-acting factors should be minimized [33] . In an initial test of 277 whether primary cells also displayed integrant-specific differences in our system, CD4+ cells 278 were isolated from donor blood, stimulated, and transduced with VSV-G pseudotyped zip coded 279 GPV - (Figure 4) . A low multiplicity of infection was selected to aid analysis based on the limited 280 cell divisions that occur after a single round of primary cell stimulation.
281
Six days post infection, the cells were divided into 2 sub-pools and then sorted into GFP-282 and GFP+ cell fractions. Genomic DNA was isolated from both sub-pools' cell fractions, and 283 proviral zip codes were amplified and sequenced. These experiments were performed in the 284 absence of puromycin selection. Thus, the GFP-fraction included both uninfected cells and 285 cells containing silent proviruses, and both the first and the second sub-pools displayed very low 286 levels of GFP+ cells (0.62% and 0.52% respectively). As a result, precise GFP+ proportions 287 could not be determined because the total infected cell frequency was not measured, and 288 instead an assumed frequency of 10% GFP-cells was used in Figure 4 severely curtailed the number of clones that were sampled sufficiently to meet inclusion criteria 299 (that the clone was detectable with fractional abundance > 0.001 in each sub-pool).
300
Nonetheless, when the GFP+ proportions for these primary cell zip codes were calculated for 301 each independently analyzed sub-pool and values for the two replicate sorts were plotted Longitudinal studies were performed with the zip coded Jurkat pool to monitor GFP+ 308 proportions throughout cell generations. After sampling for sequencing library preparation, 309 aliquots of the two GFP+ and two GFP-sub-pools analyzed in Figure 3A were passaged 310 separately for an additional 8 to 9 days, at which time point each of these four pools was again 311 sorted by FACS ( Figure 5 ). The results showed that the cellular descendants of Pool 1 and Pool 312 2 GFP+ sub-pools did not all remain GFP+, nor did the descendants of the GFP-sub-pools 313 remain all GFP-. Instead, some cells from each sub-pool had switched expression phenotypes 314 during passaging. This suggested that the HIV-1 expression pattern in any individual cell was 315 not stably inherited by all of its progeny, but that instead expression "flickered" (alternated 316 between LTR expression and silencing) during cell propagation.
317
Integrant specific, intrinsic rates of expression that are maintained across cell 318 generations have previously been reported for basal expression from the HIV-1 promoter [13] .
319
To test whether or not the expression patterns studied here also were stable over time, the GFP+ proportions determined for the GFP+ or GFP-pools in the second sort were combined 321 after weighting to reconstitute the parental pool (Pool 1 or 2 in Figure 3A ) proportions. As 322 described in Materials and Methods for the derivation of GFP+ proportion values, these 323 adjustments allowed frequencies determined within individual sub-pools to be combined in a 324 way that accounted for the composition of the original unfractionated population. This was 325 especially important here, where the first-sort GFP+ sub-pool had been heavily enriched for 326 cells from clones with high GFP+ proportions, while the first-sort GFP-sub-pools were enriched 327 for clones with low GFP+ proportions. Consistent with the stable inheritance of clone-specific 328 intrinsic expression patterns, the data indicated that the weighted GFP+ proportions for each 329 integrant following the second sort showed a strong correlation with its original GFP+ proportion 330 (Spearman ρ = 0.938 for Pool 1 and 0.805 for Pool 2; Figure 6 ).
332

Integration site features do not dictate provirus activity 333
To address whether integration site features affected the viral gene expression patterns 334 observed here, zip coded provirus integration sites were compared for clones with differing 335 expression patterns. Integration sites were determined using a linker-mediated nested PCR 336 strategy applied to genomic DNA from the original Jurkat pool. Primers were designed so that 337 sequencing reads included U3 resident zip codes. Initial analysis indicated variable rates of 338 assignment of a single zip code to multiple genomic locations, likely reflecting the formation of 339 chimeric molecules during PCR [35, 36] . We therefore went on to implement a greedy strategy to 340 assign genomic locations to each zip code based on the number of independent DNA fragments 341 (based on unique DNA shear points) and total reads supporting each site. Using this approach, 342 we assigned a genomic location to each of the 225 high abundance zip codes (Supplementary 343 Table 2 ). As expected [37], integrants were substantially enriched for annotated genes and 344 genes expressed in Jurkat cells (Supplementary Figure 5) , with 58% having the same orientation as the intersecting transcript (109 of 188 that intersect with single genes, p=0.034, 346 binomial test).
347
To search for factors that may affect set point expression levels, we assigned each of 348 the 225 zip codes to one of three classes: those with a GFP+ proportion of at least 0.6 in both 349 pools ('mostly GFP+'; 157 clones), those with a GFP+ proportion less than 0.4 in both pools 350 ('mostly GFP-'; 48) and those with mixed levels of GFP expression ('mixed'; 20) . Ignoring 351 integrants that intersect with no genes or with genes having overlapping expression in divergent 352 directions, we found no orientation preference for the 'mostly GFP+' integrants (65 of 129 with 
358
We additionally compared the distance of integrants to enhancer associated (H3K27ac) 359 and repressive (H3K9me3) chromatin marks previously determined in Jurkat cell lines [38, 39] .
360
Distance to H3K27ac peaks had a negative but non-significant correlation to GFP+ proportion 361 (Spearman ρ=-0.105, p=0.118). Distance to existing H3K9me3 repressive marks in Jurkat cells 362 was also negatively correlated with GFP+ proportion (Spearman ρ=-0.195, p=0.0034). Thus, 363 these results conflictingly showed that integrants with higher GFP expression states were on 
391
We benchmarked our system using a small (74 clones) pilot study that addressed 392 replication fidelity. Zip code abundance varied widely in this pool, as did virus release per cell.
393
Most zip codes lost during the second cycle of replication were significantly less abundant in the 394 expanded cell pool derived from the first round of infection than those that persisted for the second round of replication, suggesting that population bottlenecks contributed to zip code 396 extinction. Zip code survival rates suggested a single cycle lethal mutation rate of about 10%.
397
This is in the range predicted by findings that roughly one in three HIV-1 genomes accumulates 398 a reverse transcriptase-generated mutation [44] . However, the majority of patients' persistent 399 proviruses are defective [26, 28] . Thus, our data support the notion that defective proviruses are 400 likely more abundant in vivo due to selective pressures rather than to reverse transcriptase reproducibly present in both GFP+ and GFP-cell sub-pools, but to widely varying extents. Using 410 "GFP+ proportion" to represent the fraction of each clone's cells that sorted GFP+, most clones 411 were either "mostly GFP-" (with GFP+ proportions ≤0.4) or "mostly GFP+" (≥0.6).
412
Similar to the pilot study, the number of cells per clone in Jurkat and primary CD4+ pools 413 spanned three orders of magnitude. Although most cells in the unsorted pool were GFP+, many 414 clones that were mostly GFP+ were comprised of relatively few cells, and the average number 415 of cells per mostly GFP-Jurkat clone was significantly greater than for mostly GFP+ clones.
416
This suggests that caution is appropriate when interpreting findings based on latency models 417 that use GFP reporters and that passage cells until GFP activity largely disappears. Specifically,
418
our results suggest that some of the apparent increases in latency over time may reflect 419 outgrowth by clones with low GFP+ proportions rather than proviral silencing [51] .
The stability of GFP+ proportions over time was addressed by re-sorting GFP+ and 421 GFP-sub-pools that had been passaged separately. When GFP values from the secondary 422 sorts were weighted to reconstitute the original pool, the GFP+ proportions for each clone were 423 remarkably similar over time. Daughter cells did not always adopt a parental phenotype, but . In contrast, our results suggest that at least part of the expression differences 436 among clones reflects that each clone consists of a phenotypic mixture of cells-some that 437 release virus and others that do not-in heritable clone-specific proportions.
438
What is responsible for the clone-specific stable equilibrium mixture of GFP+ and GFP- 
452
The simplest explanation for why each clone adopted a unique GFP+ proportion set 453 point may be that multiple inputs-some stochastic and others deterministic--combined in a 454 clone-intrinsic manner to skew the probability that a given cell would reach the Tat threshold 455 needed for GFP expression. The deterministic components could in concept be of either host or 456 viral origin. However, our initial pilot experiment suggests that the principle differences were not It seems plausible that the HIV-1 expression variation reported here may cause some of 490 the differences among experimental models for latency [16] and that expression flickering and 491 differential set points of expression may be a fairly common outcome during the establishment 
532
To generate the uncloned vector template library, the 11.4 kb fragments of GPV-or HIV-533 GPP were joined with their cognate 304 bp zip coded partial U3 inserts via Gibson Assembly in 534 a molar ratio of 1:5 per reaction using HiFi DNA assembly mix (New England Biolabs) following 
552
Infection of HEK 293 T and Jurkat cells 553
The media on 10 cm plates of 90% confluent HEK 293 T cells was replaced with 2000 µl 554 infection mix comprised of the indicated amount of virus-containing medium plus additional 555 DMEM in 1 mg/ml polybrene, then incubated at 37 °C with 5% CO 2 for 5 hours. After incubation, 556 the infection mix was replaced with 10 ml of fresh media. Twenty-four hours post-infection, cells 557 were placed in media containing puromycin at a concentration of 1µg/ml, which was replaced 558 every three days for 2 weeks. Following this, colonies were individually cloned, pooled together 559 for subsequent experiments, or stained with crystal violet and counted.
560
For Jurkat cell infections, virus-containing media and polybrene at a final concentration 561 of 0.5 mg/ml were brought to a total volume of 1000 µl. This infection mixture was added to 1.5 562 x 10 6 Jurkat cells and incubated in one well of a 12 well tissue culture plate (Fisher Scientific,
563
Cat. 150628) at 37 °C with 5% CO 2 for 5 hours. Infected cells were then transferred to 564 Eppendorf tubes and centrifuged for 5 minutes at 2500 rpm at 4 o C. Following centrifugation, 565 supernatants were replaced with fresh media and cell pellets were resuspended and cultured at 566 37 °C with 5% CO 2 . At 24 hours post-infection, puromycin was added to a final concentration of 567 0.5 µg/ml. The infected cells were expanded into 6 cm culture plates on day 5. Ten days post-568 infection, the culture supernatant was replaced with fresh media and the cultures were divided 569 into aliquots, to be either frozen or further expanded for subsequent experiments.
571
Primary T cell isolation and infection
Peripheral blood mononuclear cells (PBMCs) were isolated from fresh human blood from 
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Wunch alignment tabulated with a score of +1 for sequence matches, -1 for mismatches, and a 703 constant gap score of -1. Comparisons with two of fewer mismatches (counting a gap as a 704 mismatch) were accepted as a match. Using this criteria clusters were then identified. First, 705 unique zip codes were sorted by abundance. Then, beginning with the most abundant zip code, 706 each sequence was compared with all of the previous zip codes. If no previous zip code had 707 two or fewer mismatches that zip code was accepted as a cluster and then the next most 708 abundant zip code was considered. This process was continued until the first unique zip code 709 having a match to a more abundant zip code was identified. This defined the set of families for 710 consideration. Abundance for the families was then determined by assigning unique zip codes 711 to the most abundant family whose sequence was within 2 mismatches and summing their 712 associated read counts.
713
In sorting experiments, the GFP+ proportion for each zip code was determined as F i = 714 (G i * P)/ (G i * P + W i * Q) where F i is the GFP+ fraction of zip code i, G i is the fraction 715 abundance of zip code i in the GFP+ sorted pool, W i is the fraction abundance of zip code i in 716 the GFP-sorted pool, P is the fraction of cells that sorted into the GFP+ pool and Q is the 717 fraction of cells that sorted into the GFP-pool. In the Jurkat pool 1, the initial GFP+ fraction was 718 0.524 and the initial GFP-fraction was 0.36. Of the GFP+ sort from pool 1 the GFP+ fraction 719 was 0.887 and the GFP-fraction was 0.079 GFP-while in the GFP-sort from pool 1 the GFP+ 720 fraction was 0.046 and the GFP-fraction was 0.928. In the Jurkat pool 2, the initial GFP+ 721 fraction was 0.518 and the initial GFP-fraction was 0.364. Of the GFP+ sort from pool 2 the 722 GFP+ fraction was 0.915 and the GFP-fraction was 0.082 GFP-while in the GFP-sort from 723 pool 2 the GFP+ fraction was 0.063 and the GFP-fraction was 0.923. For primary cell data 724 analysis, the abundance of each zip codes in the GFP+ and GFP-pools summed, and only those zip codes with summed abundance greater than 0.001 in both replicates were considered, 726 and a GFP+ fraction of 0.9 and a GFP-fraction of 0.1 were assumed.
727
Analysis of integration sites occurred in two stages. First, read-pairs were analyzed to 728 identify which read derived from the LTR sequence and which from the genomic linker. Zip code 729 sequences were extracted from the LTR-derived read based on matches to flanking sequence 730 in the vector as described above. The linker sequence and LTR sequence flanking the zip code 731 were removed and the extracted zip code sequence was then associated with the remaining 732 portion of each read pair. Second, the trimmed read pairs were aligned to a version of the hg19 733 genome that included the sequence of the utilized HIV vector using bwa mem version 0.7.15.
734
The resulting alignments were then parsed to identify the shear point (DNA adjacent to where 735 the linker was ligated) and integration point (the DNA location adjacent to the LTR sequence).
736
The zip codes were then assigned to previously identified zip code families, and the number of 737 unique shear points and total reads supporting a integration site for each zip code were 738 tabulated. Only reads with a mapping quality greater than 10 were considered. A greed 739 algorithm was then used to associate each zip code with a genomic location. Candidates 740 assignments were sorted by the number of shear points and total reads in descending order.
741
The most abundant assignment was taken as the position for the indicated zip code, other 742 assignments for that zip code were removed, and the process was repeated.
744
Determination of chromatin marks and expressed genes 745
Gene annotations were determined based on Ensembl release 75. Jurkat gene 746 expression data produced by Encode [76] was used (accession ENCSR000BXX), and genes 747 with TPM counts greater than 5 in both replicated were considered to be expressed. H3K27ac 748 peaks were identified using data from [38] (GSM1697880 and GSM1697882). Chip-seq and 749 control data were aligned to hg19 using bwa mem and peaks were identified using macs2 v 2.1.0 [77] with the --nomodel option. For H3K9me3 peaks, data from [39] (GSM1603227) were 751 aligned to hg19 using bwa mem and processed using macs2 without a control sequence set.
752
For both marks a p value cutoff of 1*10 -9 was used. 
